ABSTRACT This paper presents a computational investigation of scaled turbofan lobed mixer stiffening tabs at low-speed off-design conditions. Stiffening tabs provide rigidity to the thin lobed mixer by connecting the mixer valley to the more rigid centrebody. Evidence shows that the tabs affect the flow structures of turbofan exhaust systems at off-design core inlet swirl conditions. Observations were made downstream of the mixer in simulations that were carried out with an unstructured RANS solver and the k − ω SST turbulence model. To model off-design conditions, the core flow swirl was increased from axial flow to 10
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INTRODUCTION
Medium bypass turbofan engines use a common nozzle to eject core and bypass gases to the atmosphere. Their exhaust systems typically consist of structural struts that support a lobed mixer from the centrebody, followed by the common nozzle. The hot core and cooler bypass gases interact and mix downstream of the forced mixer prior to leaving the common nozzle. Mixing the flows before ejecting them provides increased net thrust (Paynter and Birch, 1977) and reduces the jet noise (Kuchar and Chamberlin, 1980) . The operating environment exposes the lobed mixer to significant thermal and mechanical stresses due to the large temperature gradient and vortex shedding from the mixer's trailing edge. To mitigate the effects of these dynamic loads, some exhaust systems use small tabs between the centrebody and mixer to provide stiffness to the thin mixer lobes.
The mixing mechanisms produced by forced mixers are now very well understood thanks to past work (Paterson, 1984; Waitz et al., 1997; McCormick and Bennett, 1994; Yu et al., 1995; . The dominant flow structures of lobed mixers are streamwise vorticeslarge scale structures resulting from the radial deflection of the core and bypass flows as they pass over the mixer geometry. These vortices are the largest scale flow structures and remain so as they interact with each other and other flow structures downstream of the mixer (Kuchar and Chamberlin, 1980; Kozlowski and Larkin, 1982) . Mixer performance can be improved via trailing edge modification like scalloping (Kuchar and Chamberlin, 1980; , which allows an additional pair of counter rotating vortices to develop at the trailing edge (Presz et al., 1994) . The strong shear layer between the high speed core and lower speed bypass flows produces smaller scale normal vorticity along the trailing edge of the mixer due to the Kelvin-Helmholtz instability (Waitz et al., 1997; McCormick and Bennett, 1994) . These two types of vorticity interact within the common nozzle producing regions of high turbulent kinetic energy (Waitz et al., 1997) .
Computational fluid dynamics (CFD) has become a popular tool for examining the flows of lobed mixers because the complicated lobe geometries limit the ability of traditional probe measurement techniques. CFD provides full resolution of all velocity components throughout the measurement domain and offers a great low-cost complement to traditional higher-cost experimental techniques.
Previous studies of lobed mixers have focused on at-design conditions with very little swirl in the core flow. The present authors have investigated off-design core flow swirl conditions and their effects on mixing and aerodynamic performance of a scaled turbofan mixer with 12 scalloped lobes (Wright et al., 2013) . The present investigation aims to extend that study to include mixers with stiffening tabs. A CFD-based investigation was used to examine the reaction of the tabs to off-design core swirl conditions and the subsequent effect on performance. Computational fluid dynamics offers the advantage of resolving fully threedimensional flow fields without intrusive probes disturbing the flow. This is especially useful in cases of separation or reverse flows, which probes may not reliably measure. This study used FINE/Open v3.2, an unstructured, density-based finite volume, Reynoldsaveraged Navier-Stokes (RANS) solver developed by Numeca International. Convective fluxes were discretized using Roe's second order up-wind scheme. Diffusive fluxes were discretized using the central differencing scheme. Turbulent closure of the Navier-Stokes equations was accomplished with the two-equation k − ω SST model (Menter et al., 2003) , which was previously shown to be the best model for simulating this sort of flow (Wright et al., 2013) .
COMPUTATIONAL MODELLING
The computational domain, shown in Figure 1 , encompassed one lobe period of 30 • in the tangential direction, 20 equivalent mixer diameters, 20D h , downstream of the nozzle in the axial direction and 10 D h in the radial direction to ensure an undisturbed far field condition. Previously measured experimental values (Wright et al., 2013) were prescribed at the boundaries. Turbulence intensities of 5% and 0.2% were applied to the core and bypass flows, respectively. Figure 2 shows a sample of the 5.5 M cell computational grid near the mixer. This number was arrived at through a mesh independence study, Table 1 , and ultimately verified against experimental data, Figure 3 . The unstructured grids were fine enough to properly resolve wall boundary layers, free shear layers and mixing zones.
DATA REDUCTION
Several of the parameters used to gauge the performance of the exhaust system were derived from the basic flow quantities of velocity and pressure fields. The primary performance parameters of interest are the total pressure loss coefficient, Y , and the thrust coefficient, C T . The pressure loss was normalized by the dynamic pressure at a reference plane in the core and bypass upstream of the mixer, x/D h = −1.8. The thrust was calculated as the sum of momentum thrust, pressure thrust and momentum drag. It is normalized by the sum of ideal adiabatic expansion thrust of the flow at the same upstream reference planes in the core and bypass. Secondary parameters for understanding the mixing and flow structures are also derived from the basic flow quantities. Vorticity, a measure of the local rate of fluid element rotation, is derived from the curl of the velocity vectors; the axial component is an indicator of the streamwise vortex strength and the azimuthal vorticity, ω a = ω 2 r + ω 2 θ , is an indicator of the normal vortex strength. Additionally, a uniformity factor was defined, φ = X−Xm X i −Xm , to provide a quantification of mixedness for a particular flow quantity; where X is the local point value of any scalar quantity of the flow,X m is the mass-average value at a far downstream "mixedout" plane or ambient condition andX i is the mass-average value at the upstream reference plane. The mixing index, I, is defined as the mass average of the squared uniformity factor. It describes the mixedness at a plane by a single number; a fully mixed out plane has an index I = 0. 
RESULTS AND DISCUSSION
The numerical simulations were analyzed to determine the influence of lobed mixer stiffening tabs on flow structures and overall aerodynamic performance. Three cases are presented: design, moderate and high swirl. There was no swirl in the bypass flow for all three cases. The core swirl was 0
• , 10 • and 30
• for design, moderate and high conditions, respectively. All simulations were performed at low speed conditions. Validity of the simulations is based on previous validation work for similar geometries and mesh densities published by the present authors (Wright et al., 2013) . • and 30
Design Condition
• inlet swirl cases.
The tab was designed to have minimal aerodynamic impact at the design condition of completely axial flow through the mixer. Figure 4 shows flow fields of the design case for the baseline geometry without the stiffening tab and the investigated geometry with the tab. The quantities shown are the streamwise vorticity coefficient, azimuthal vorticity coefficient, and total pressure coefficient at six axial planes downstream of the mixer, pressure coefficient contour, which indicates a slight total pressure deficit in the wake of the tab, observed in the
= 0.07 plane. In both cases, vortex structures were generated by the radial velocity components of the core and bypass flow interacting to form a convoluted shear layer and the distinct sets of counter rotating vortex cores (Paterson, 1984) . The scalloping of the lobed mixer trailing edge allowed the higher pressure core flow to expand through the scallop into the bypass flow prior to reaching the mixer outlet plane. The expansion of core gas is evident in planes • , and high, 30
• , swirl cases with and without tabs.
Off-Design Condition
Figure 8: CFD predicted streamwise circulation at the
This section will discuss the development of flow structures downstream of scallop mixers with and without stiffening tabs at moderate, 10
• , and high, 30
• , inlet swirl conditions. Figure 5 presents crestline swirl distribution at x D h = 0.07, illustrating the effectiveness of the lobed mixer when directing the tangential component of the flow back to the axial direction. The swirl is largely reduced to levels near zero for flow in the radial region of the lobe, 0.28 < r D h < 0.72. The gap between the centrebody and mixer allows residual swirl to persist downstream and even increase due to angular momentum conservation and the falling radius of the centrebody. Observations show that the inclusion of the tab can reduce the magnitude of the swirl in this region of flow not affected by the mixer.
The mixer does work to straighten the flow; therefore, it is helpful to examine the static pressure loading on the mixer surface. Figure 6 illustrates the loading at 10
• and 30
• swirl and the effects the tab has on it. Moderate levels of swirl show no separation on the mixer surface. The high swirl condition does show separation in the form of a region of low static pressure with an adverse pressure gradient. It creates an analog to a wingtip vortex downstream of the mixer (Lei et al., 2012) . The presence of the tab reduces the intensity of the separation near the mixer, but results in a much larger unstable separation bubble within the lobe passage.
Observing the flow structures in planes downstream of the mixer will assist the reader in understanding the flow around the mixer and the tab, when present. The development and generation of the distinct streamwise vortex cores has been explained in detail previously (Wright et al., 2013; Lei et al., 2012) . Some differences exist when the tabs are brought into the system, as the tab disrupts the development of the wing-tip-analog valley vortex. Instead, a passage vortex was developed as it would be in a compressor or turbine blade row. This vortex differs from the valley vortex in that it does not interact with other vortices downstream of the mixer but is instead pulled toward the centre of the jet by the static pressure deficit in the wake of the centrebody. As swirl increases, the passage vortex gains strength as evident in Figure 7 .
Staying with the high swirl case, the large separation around the tab completely disrupts the mechanism that generates the scallop-derived streamwise vortex. The tab's effect on normal Figure 9 : CFD predicted turbulent kinetic energy for the high, 30
• , swirl case.
vorticity was the reduction of vortex strength along the trailing edge adjacent to the separation. It was also evident that the normal vortex did not dissipate or distort as much near the centre of the flow compared to cases without the tab. The total pressure plots, also shown in Figure 7 , reveal that the high total pressure of the core flow became distorted by the residual swirl near the centre of the flow. This distortion suggests that residual swirl improved mixing near the core of the flow. The tab resulted in lower levels of total pressure throughout the mixing region, which may be attributed to the wake and associated losses of the tabs. Circulation, measured as the integral of streamwise vorticity over the area of a plane of interest, is a good indicator of overall mixing and can reveal how these changes to flow structures affected the mixing performance. Clockwise circulation is derived from the right hand side of the lobe looking upstream and vice versa for counterclockwise. Figure 8 shows plots of circulation versus inlet swirl angle and its development downstream of the mixer. The baseline geometry shows that clockwise and counterclockwise circulation tended to diverge as the swirl angle increased. The tabs are shown to reduce the strength of circulation at all conditions except for design. This change from the baseline suggests that the strength of the circulation was mainly driven by the kinetic energy of the core flow. The tab produced separations in the core flow, which in turn reduced the amount of energy that could be converted into circulation for mixing. Turbulent kinetic energy values are a good indicator of where the flow structures are interacting and breaking down into small scale turbulent mixing structures. The turbulent kinetic energy plots in Figure 9 show where the streamwise and normal vortex interact and break each other down into smaller scale turbulent structures. Figure 10 illustrates the convoluted path required by fluid elements in order to pass by the tab in a case of high swirl. The design case shows little disturbance from the tab. The moderate case shows a small amount of fluid deflection. The high swirl case shows the very long and circuitous flow path around the tab, which adds to the high pressure losses. Figure 11 : CFD predicted static pressure mixing index, I Ps , downstream of the mixer.
Overall Performance
The mixing index of static pressure for the six cases of investigation is plotted versus downstream distance in Figure 11. On such a plot, higher values suggest higher mixing or less uniform flow. An index of zero suggests fully uniform flow where no mixing occurs. The data confirms that the tab has very little effect on the flow at design conditions. The moderate condition showed reduced uniformity downstream without the tab. The moderate condition with the tab, however, resulted in mixing index values that were similar to the design condition. The effect of the tab on mixing rates at high swirl conditions was much larger than at moderate conditions. In much the same way, the tab geometry showed mixing index levels much closer to the design condition than the baseline geometry. The highly non-uniform flow seen in the baseline geometry at moderate and high swirl conditions was due to the large low pressure zone in the wake of the centrebody. At high swirl, that wake resulted in a large recirculation zone. There was no large recirculation zone observed at any condition for the tab geometry, resulting in more uniform flow within the nozzle. The total pressure loss measured from the reference plane upstream of the mixer to the nozzle exit, plotted in Figure 12 , illustrates the aerodynamic efficiency of the geometries. This measurement included all frictional losses in the boundary layers and other viscous losses due to separations and mixing. Little difference was indicated at moderate swirl cases. There was high pressure loss due to the separation around the tabs at high swirl conditions. The baseline geometry at high swirl conditions produced a very large recirculation zone in the wake of the centrebody. This zone extended to the nozzle outlet and resulted in high total pressure loss. The tabs disrupted that recirculation zone, but separation of the flow around the tab resulted in even higher total pressure loss as observed in Figure 12 . The tab geometry with high swirl conditions showed the highest pressure loss of all cases investigated.
The thrust coefficient was calculated based on the flowfield at the nozzle outlet plane. Figure 13 shows the thrust coefficient versus inlet swirl. It is clear that the tab geometries produced higher thrust than the baseline geometry for all cases with swirl because the flow was straightened by the tabs. Increased swirl with the tab geometry produced progressively worse thrust output due to the associated loss and separation of flow around the tab.
CONCLUSIONS
A numerical investigation of the flow around lobed mixer stiffening tabs at off-design conditions was presented in this paper. Simulations showed the tabs had negligible impact on the flow at design conditions. However, simulations at off-design conditions revealed that the tabs affect the flow structures downstream of the mixer and the overall performance of the exhaust system. Figure 13 : CFD predicted thrust coefficient, C T .
A new streamwise vortex was observed in the passage between adjacent tabs at off-design conditions. The valley vortex did not occur because the leakage of flow over the valley of the mixer was obstructed by the tab. In the highest swirl case of 30
• , the scallop-derived vortex was not produced because of the very large separation bubble around the tab. The tab also stopped the large recirculation zone from occurring downstream of the centrebody. The data shows that the tab improved overall flow uniformity in the exhaust for most cases. However, total pressure loss calculations indicate that the tab geometry resulted in greater pressure losses than the baseline geometries. The separation around the tab made a large contribution to the total pressure loss of the exhaust system. This tab separation loss outweighed the gains of avoiding the large recirculation zone in the high swirl case. Finally, the thrust output was higher with tabs than without because the tangential component of core flow velocity was redirected axially at the expense of total pressure loss.
It must be noted that these simulations were run at low-speed laboratory conditions. It is expected that the higher Reynolds number flows of engine operation conditions would exacerbate the negative effects of the tabs at off-design conditions.
